Despite the wide clinical uses of pulse-oximetry, the precise nature of the light-tissue interaction underneath the technique is not clearly understood. A heterogeneous opto-anatomical model is presented to describe the optical path in pulse oximetry.
Introduction
Pulse oximetry is a photometric method for measurement of blood oxygen saturation from photoplethysmographic (PPG) signals. Since past several decades, there has been a tremendous advancement in technology that has made pulse oximetry a standard of care in anesthesia and related medical specialties. Although a significant amount of work has been carried out in recent years [1] for improving the technicalities regarding pulse oximetry, no much research works can be found analyzing the basic light-tissue interactions underlying the measurement system. The limitations of the method with regard to its accuracy in low oxygen saturation is well documented but partly resolved. There is lack of detailed knowledge about the optical path in pulse oximetry, which is essential in order to optimize the positioning and geometry of pulse oximetry probes. To address such problems, a Monte Carlo technique based opto-anatomical model was developed to investigate the optical path and its dependence on source-detector separations and blood oxygen saturations.
Monte Carlo is a well-known computational method to solve the problems regarding tissue-optics which are very difficult to solve analytically [2] . The efficiency of a single layer Monte Carlo model to describe the optical path and its dependence on blood volume and oxygen saturation is already shown in our previous work [3] . However, considering highly heterogeneous architecture of tissue, a monolayer model is not sufficient to describe the actual scenario, so a tissue model that resembles the multilayer skin tissue is presented in this work. Also, considering the difference in tissue blood volume during diastole and systole, a more rigorous model including the pulsatility was necessary. In present work, a multilayer pulsatile Monte was executed Carlo model in a reflectance mode pulse oximetry geometry at two most commonly used pulse oximetry wavelengths, 660 nm (red) and 940 nm (infrared).
Theory
The theory of pulse-oximetry relies on the application of Beer-Lamberts law, which correlates the attenuation of light through the tissue with the concentration of the absorber. If an incident light intensity (I o ) travels through a perfused tissue sample through the physical optical path l to transmit a light intensity (I t ), the absorbed light within tissue is expressed according to Beer-Lamberts law as:
where B is the absorption due to tissue, ε and C are the extinction coefficient and concentration of blood. Considering the main absorbers present in blood are oxy-and deoxy-haemoglobin (with extinction coefficients ε O and ε D respectively), the effective extinction coefficient of blood can be expressed as:
where SaO 2 is the arterial blood oxygen saturation. In a perfused biological tissue, blood volume changes with the cardiac cycle. From diastole to systole, there is a certain increase in blood volume, which increases the concentration of hemoglobin in blood. In both cases, the absorption in bloodless-tissue, i.e. B remains constant, but the attenuation of light changes due to the change in blood volume. Considering the same light intensity is incident on a perfused tissue sample throughout a cardiac cycle, and the diastolic and systolic transmitted intensity are I d and I s respectively, the diastolic and systolic absorbances within tissue, i.e., A d and A s respectively, can be obtained from Eq. 1 as:
It is considered that l s ≈ l d = l. If ∆C = C s −C d be the change in the concentration of the absorbers in blood due to its increased volume, the change in absorbance can be written as:
The change of absorbance also can be written as
In pulse oximetry, at two operating wavelengths λ 1 and λ 2, the ratio of the absorbances is expressed as:
where ε 1 ans ε 2 are the extinction coefficients and l 1 and l 2 are the optical paths traversed through tissue in the two operating wavelengths respectively. Substituting Eq.2 in Eq.7, through few algebraic steps, the arterial oxygen saturation is obtained from the ratio of ratio's R as:
The pulse oximetric measurements, therefore, depend on the physical optical path through tissue at different wavelengths.
Method
Monte Carlo (MC) is a stochastic method to simulate propagation of photons through absorbing and scattering medium. The propagation medium, i.e., biological tissue is characterized by its absorption coefficient µ a , scattering coefficient µ s and anisotropy factor g, which are specific to the operating optical wavelengths. In the present work, a MC algorithm for light transport through a heterogeneous skin tissue in a reflectance mode pulse oximetry set-up was implemented. The six sublayers of skin tissue are stratified in Table 1 . The tissue was represented as a slab in a 3D Cartesian coordinate system, as shown in Fig.1 . The thicknesses and distribution of blood volume in the tissue layers are adapted from books and literatures [4] [5] [6] [7] . The systole was achieved by increasing the blood volume in the cutaneous plexus layer by fraction 0.2, since this sublayer only contributes in pulsatile flow and the rest contribute mainly to non-pulsatile blood flow [8] . The arterial and venous blood volume was considered to be equal, i.e., 50% of the total blood volume in each layer. Venous oxygen saturation was considered to be 10% lesser than the arterial oxygen saturation of blood. Epidermal sublayer was considered to contain 10% melanin. The optical properties of blood were characterized by the combined absorption and scattering coefficients of oxyhemoglobin and deoxyhemoglobin [3] . The light propagation through the skin tissue layers was simulated using the following steps:
1. A photon packet with initial weight (w = 1), position co-ordinates (x, y, z) and direction (scattering angle = θ , azimuth= φ ) were supposed to be incident from the source placed on the surface of the tissue (at the origin of the Cartesian co-ordinate system).
2. The path of the photon packet was simulated by tracing photons steps through the medium, determined by random sampling of the probability distribution p(s) for the photons free pathlength (s) between two consecutive scattering events, which was given by Table 1 . The tissue slab is represented in a 3-dimensional Cartesian co-ordinate system, where the depth within tissue is along the negative z-axis.
The step size s of a photon packet was calculated as:
3. The photon packet was moved in the Cartesian co-ordinate system through the step size generated. The new position co-ordinate (x, y, z) of the photon packet was calculated as:
where (u x , u y , u z ) were the direction cosines calculated using (θ , φ ).
4. While the photon stayed within the medium, it underwent scattering and absorption at that interaction site. Once the step-size was determined, scattering was achieved by orienting the photon direction through two randomly generated angles, zenith (θ ) and azimuth (φ ), given by:
The scattering angle was calculated using the Henyey-Greenstein phase function, which has been experimentally proven to describe the single scattering in biological tissue very well [9] . The azimuth was chosen randomly within the maximum value of 2π. After scattering corrections, a fraction of photon weight ∆w = µ a µ a +µ s .w was absorbed in the medium. Detailed calculations for the scattering angles and step sizes are described elsewhere [10, 11] . 5 . If the step size of the photon packet was long enough so that it hit the boundary, it would undergo either reflection or transmission [10] . 6. If the photon packet was transmitted, it was checked whether the detection criteria were fulfilled, i.e. the transmitted photon packet reached within the area of the detector, which being the case, the scored variable, e.g. the total reflectance, total optical pathlength, depth of penetration etc. were updated, and the propagation of that photon packet was ended.
7. The photon packet was discarded if it transmitted without being detected and was terminated if its weight fell below a certain threshold weight (following Russian Roulette). Once the photon packet was detected or discarded or terminated, the iteration was started for a new photon packet. After detection of a desired number (i.e., 10 7 ) of photon packets, the simulation was ended.
The model was executed in a reflectance mode geometry to record the mean optical path through the tissue in diastole and systole at wavelengths 660 nm and 940 nm to record the mean optical path of photons at a range of arterial oxygen saturations for different source detector separations within 1 cm. Incidence of Gaussian beam of radius 1 mm was simulated. The detector was supposed to have a radius of 1 mm.
Results and Discussion
Mean optical path in red and infrared light for different source-detector separations are shown for different oxygen saturations in Fig.2 . The optical paths show significant differences and those differences also change with oxygen saturation. It contradicts with the fundamental concept behind pulse-oximetry theory, where normally it is considered that red and infrared light follow the same path. According to Fig. 2(a-h) , both in systolic and diastolic states, pulse oximetry optical pathlengths show different values; infrared light tending to cover longer path than red for lower arterial oxygen saturations and gradually the red pathlength increases over the infrared pathlength for higher arterial oxygen saturations. For SaO 2 = 80%, red and infrared pathlength are almost similar in both systole and diastole. For a more quantified analysis, an example of the percentage difference in red and infrared mean optical path (MOP) with source-detector separations at a certain saturation 60% is illustrated in Fig.2(i) . It clearly shows that systolic pathelength difference in higher than diastolic pathlength difference. The increasing difference in optical path with increasing source-detector separation is apparent. For a certain source-detector separation 5 mm, the optical path at red and infrared wavelengths (l 1 and l 2 ) respectively, for systolic and diastolic condition are shown in Table 2 . The source-detector separation 5 mm, which is a typical separation used in pulse oximetry, is chosen as an example to illustrate the result shown in Fig. 2 quantitatively. It is seen that the systolic optical paths are higher than the diastolic optical path, however, the difference decreases for higher blood oxygen saturation. On the other hand, the optical path between red and infrared wavelength are very clear for all cases, with a gradual increase of the difference with increasing blood oxygen saturation.
Optical path is a function of the optical property of the tissue. Clearly, with change of scattering/ absorption coefficient with wavelengths, the pathlength was expected to vary, which also is evident from the results. However, in general theoretical explanation of pulse oximetry, it is usually assumed that the red and infrared optical paths are similar. Clearly Source-detector separation (mm) such an assumption is likely to introduce errors in the pulse-oximetry formulations.This is also assumed in the theory section that the systolic and diastolic pathlengths are similar, which is not entirely true for lower ranges of blood oxygen saturation, as evident from Table 2 . However, considering usual human blood oxygen saturation to be greater than 70%, the assumption that systolic and diastolic pathlengths are similar, is valid.
Conclusion
A pulsatile multilayer Monte Carlo model of light propagation through human skin tissue in a reflectance pulse oximetry setting is described in the paper. The investigation on the optical path shows clear difference in red and infrared wavelengths that goes against the usual theoretical assumption for pulse-oximetry. Although practically the pulse-oximeters are calibrated empirically with careful studies on volunteers, thus the theoretically assumptions do not really affect the measurements. However, a detailed study on the theoretical assumptions and considerations would lead to a proper formulation for the pulse-oximetric measurements. The future plans for the present study include investigation with a more detailed model anatomically similar to specific regions of interest in human body, e.g., finger, forearm, forehead etc. which will be explored to quantify the optical pathlength, penetration depth, distribution of scattering events within medium, for a range of physiological and geometrical states. Such studies are immensely useful for better understanding the mechanism of pulse-oximetry which will help in more accurate and precise measurements and also, would aid in related wearable technologies, those are based on similar theoretical background.
